not require treatment, it has not received investigative attention in proportion to its prevalence. Indeed, its prevalence is poorly defined.
Conditions that cause macrocephaly and require treatment are less common. The 2 major considerations are hydrocephalus and chronic subdural hematoma. Experience suggests that these conditions ought to be identifiable on a clinical basis. Infants with BESS are usually well, unless they exhibit mild gross motor delays related to the size of their heads. Infants with hydrocephalus are expected to exhibit fullness of the fontanelle, at least, even if they are not yet symptomatic or developmentally delayed, whereas infants with constitutional megalencephaly or BESS typically have slack fontanelles. Infants with macrocephaly due to chronic subdural hematoma usually are chronically ill with failure to thrive and developmental delay, and they often come to attention with full fontanelles and seizures. The sensitivity, specificity, and predictive values of these generalizations have never been subjected to quantitative scrutiny, and evidence-based guidelines for imaging of infants with macrocephaly do not exist. Consequently, the number of infants subjected to imaging for macrocephaly is large, and the diagnostic yield is low.
These circumstances lead to identification of many well infants with BESS, and a small fraction of them are found to have incidental, asymptomatic subdural fluid collections. These collections are presumed to be variable mixtures of blood and CSF, although their composition is rarely confirmed because drainage is seldom indicated clinically. Some of these collections may develop on an anatomical basis related to craniocerebral disproportion, but others may be due to unrecognized or unreported injury. The goal of this study was to determine the relative frequencies of BESS, hydrocephalus, and subdural collections in a large consecutive series of imaging studies performed for macrocephaly and to determine the prevalence of subdural fluid collections among patients with BESS. On the basis of a mechanical explanation for these collections, we hypothesized that infants with collections have larger head circumference Z-scores and higher grades of BESS.
Methods
Radiology reports of brain ultrasound (US), CT, and MRI studies were subjected to digital text search for the term "macrocephaly." The search extended from May 2009 to May 2015. Studies in patients older than 2 years were excluded. For patients who had multiple brain imaging studies, only the first study performed because of macrocephaly was included. Patients who were determined from review of notes to have had a history of trauma or hydrocephalus prior to the index imaging study were excluded. The study set thus consisted of images obtained because of unexplained macrocephaly. This study was supervised by the Nemours institutional review board.
All images in the study set were reviewed by a senior investigator (a pediatric neurosurgeon) to identify causes of macrocephaly and to search for subdural collections that may have been overlooked in the initial interpretations. Macrocephaly was attributed to hydrocephalus if moderate or marked ventriculomegaly was present, and the diagnosis was confirmed by the responsible clinician in the electronic medical record. Mild degrees of ventriculomegaly in patients who were not treated for hydrocephalus were not considered to be the cause of macrocephaly. Macrocephaly was attributed to chronic subdural hematoma if the collections were diffuse, bilateral, and of sufficient volume to account for enlargement of the head. Other subdural collections were designated "incidental" if they did not displace or deform the brain and if they did not contribute to macrocephaly. Incidental subdural collections were confirmed by review of the other senior investigator (a pediatric neuroradiologist).
Measurement of the subarachnoid space was used to grade BESS. Measurements were performed digitally using the tool provided in Philips iSite Enterprise. In axial images, the measurements were taken over the frontal lobes in cuts passing through the bodies of the lateral ventricles. In coronal images, measurements were made over the convexities dorsal to the sylvian fissures in cuts passing through the bodies or frontal horns of the lateral ventricles. Measurements of the subarachnoid space were taken from the crest of a gyrus to the nearest point on the inner table of the skull. For each study, the largest such measurement that the grader could identify was considered to be the depth of the subarachnoid space ( Fig. 1) . BESS was graded as follows: Grade 0, < 5 mm; Grade 1, 5-9 mm; and Grade 2, ≥ 10 mm. Grading was performed by 1 investigator (J.T.). A random selection of 100 studies was graded by the other 2 investigators for assessment of interrater reliability.
Associations between categorical variables were assessed using Fisher's exact test, the chi-square test, or the Cochrane-Mantel-Haenszel test. Quantitative variables were compared using t-tests or generalized linear modeling. Interrater reliability in the diagnosis of BESS and its grading was analyzed with a kappa statistic. Data were organized in Excel 2013, and statistical analysis was conducted using SAS 9.4 (SAS Institute, Inc.).
results
Among the 538 imaging studies that met inclusion criteria, 7 studies (1.3%) demonstrated hydrocephalus and 1 study (0.2%) demonstrated a large, symmetrical, chronic subdural hematoma. Three hundred eleven studies (57.8%) exhibited BESS. In 265 studies (49.2%), BESS was Grade 1, and in 46 studies (8.6%), BESS was Grade 2. There were 21 studies (3.9%) with incidental subdural collections, only 10 of which were recognized in the initial radiological interpretations. The association of degrees of BESS with subdural collections is presented in Table 1 .
The prevalence of incidental subdural collections among studies with BESS was 18 of 311 (5.8%). There was a strong association between the prevalence of subdural collections and the grade of BESS (p < 0.0001). Subdural collections were more prevalent among studies with any degree of BESS than among other studies (p = 0.0115). Subdural collections were more common among studies with Grade 2 BESS than among studies with Grade 1 BESS (p = 0.0088).
Four imaging modalities were represented in this study: US, CT, single-shot fast spin echo (SSFSE) MRI (which is a limited T2-weighted study), and complete MRI. Older patients tended to undergo MRI or SSFSE, and the youngest patients tended to be sent for US. Although no formal comparisons were undertaken, these modalities seemed to differ greatly with respect to sensitivity in detection of subdural collections and reliability in assessment of the depth of the subarachnoid space. The Cochrane-MantelHaenszel test was used to analyze the association of BESS with subdural collections while controlling for imaging modality. The prevalence of subdural collections was 11 of 100 (11%) for MRI, 3 of 85 (3.53%) for CT, 7 of 277 (2.53%) for US, and 0 of 68 for SSFSE. The effect of imaging modality having been controlled, there was a significant association between BESS and subdural collections (OR 3.68, 95% CI 1.12-12.1, p = 0.0115). By this same analytical technique, with imaging modality and the presence of BESS having been controlled, there was no association between race (white or other), sex, or insurance status (commercial or other) and the presence of subdural collections (data not shown).
Contemporaneous head circumference Z-scores were available for 139 patients. Patients with BESS had higher Z-scores than patients who did not have BESS, with means of 1.49 and 0.61, respectively (95% CI of the difference 0.27-1.49, p = 0.0051). Patients with incidental subdural collections actually had smaller head circumference Z-scores than other patients, with means of 0.60 and 1.21, respectively, but this difference was not significant (95% CI of the difference -2.54 to 1.33, p = 0.4958).
There was no association between BESS and patient age (data not shown). Patients with subdural collections were slightly younger than patients without subdural collections, with mean ages of 0.57 and 0.73 years, respectively (95% CI of the difference -0.03 to -0.30, p = 0.0186).
Interrater reliability in the assessment of the presence of BESS was assessed pairwise among all 3 investigators. With respect to the presence or absence of BESS, kappa statistics were 0.68, 0.68, and 0.61. With respect to the grading of BESS, weighted kappa statistics were 0.62, 0.60, and 0.50. None of the 95% CIs for these comparisons included 0.
Of the 10 cases that were recognized to exhibit incidental subdural collections in the initial interpretations, only 3 patients were evaluated by the hospital's child abuse consultant. Only 1 patient, who had the largest of the incidental subdural collections in this series, was reported to a state agency. This child had negative results on dilated funduscopic examination and skeletal survey. Subsequent brain imaging was performed for 7 patients with incidental subdural collections. After intervals ranging from 3 to 24 months, all collections resolved without surgical treatment.
Discussion
Images were selected for this study with the goal of surveying the findings among infants with macrocephaly. A text search of radiology records proved not to be entirely specific. Some infants were not actually macrocephalic. On review, some infants were determined to be victims of trauma even though the radiology request simply stated "macrocephaly." In cases of hydrocephalus and subdural collections, the electronic medical record was reviewed to exclude patients known to have had these conditions before imaging, but the medical record was not reviewed for the other 530 cases. Thus the prevalence rates of various findings in the current series may have limited external validity and must be considered illustrative only. Of note was the low prevalence of actionable findings such as hydrocephalus and chronic subdural hematoma, which had a combined rate of only 1.5%. Brain imaging for macrocephaly in infancy has almost negligible diagnostic yield. The findings in the current study necessarily reflect local practice patterns, but they illustrate a need for evidencebased imaging guidelines.
Although BESS is common in pediatric neurosurgical practices, it is not as familiar to other pediatric practitioners. There are only a few estimates of its prevalence in the literature. Among 20 patients subjected to MRI for macrocephaly, Alper et al. found 13 cases (65%) of BESS. 1 Greiner et al. reviewed 168 imaging studies performed because of macrocephaly for children 24 months of age or younger; BESS was present in 108 of them (64%). 4 In a clinical study of 88 young children with macrocephaly, Medina et al. identified 66 patients (75%) with "idiopathic external hydrocephalus." 9 The current study seems to be the largest ever to have addressed the prevalence of BESS. The lower prevalence of BESS reported here, 57.8%, may reflect contamination of the study group by cases of infants who were not really macrocephalic and thus may be considered a lower limit on the actual prevalence.
The association of increasing degrees of BESS with increasing prevalence of subdural collections supports the concept of an anatomical predisposition to subdural fluid collection among infants with this form of craniocerebral disproportion. A graded association has not been reported before. Papasian and Frim developed a simple mathematical model to demonstrate increasing vulnerability of bridging convexity veins to stretch and rupture with increasing depth of the subarachnoid space. 11 This model does not explain why hemorrhage from ruptured veins collects in the subdural space instead of the subarachnoid space. Nor does it explain collections that are predominantly CSF. A more elaborate finite element analysis by Raul et al. reached the opposite conclusion-that bridging veins are subject to less strain in infants with BESS. 12 Predisposition to subdural hemorrhage is a familiar neurosurgical phenomenon among older adults with brain atrophy. Extending this expectation to infants with BESS is a very short conceptual leap, but the pathomechanical details remain obscure.
The prevalence of BESS acquires forensic significance in the context of child abuse.
14 Subdural hemorrhage in infancy without a verifiable history of trauma is widely judged to be suggestive (or even diagnostic) of abusive head injury, but this generalization disregards volume and composition. Several older case series of BESS mention examples of small subdural collections of CSF, blood, or a mixture of these 2 in asymptomatic children. 2, 3, 5, 10, 13 Because of small numbers and variable methods of ascertainment, no credible estimate of the prevalence of subdural collections among infants with BESS can be developed from this older literature. Nor can these cases be cleared retrospectively of the suspicion of unrecognized abuse.
McNeely et al. excluded cases of abuse from their review of BESS at the Montreal Children's Hospital. Over a 6-year period, they identified 7 cases of BESS with subdural collections. 8 Unfortunately, they did not report the total number of cases of BESS or estimate the prevalence of subdural collections. More recently, in the study by Greiner et al., among 108 infants with BESS, 6 cases (5.6%) had subdural collections, and review of hospital records indicated that 2 of the 6 had been reported to state agencies for suspicion of abuse. 4 McKeag et al. found 4 examples of subdural collections among 177 imaging studies of infants with macrocephaly featuring BESS (2.3%). One of the 4 children had rib fractures and the case was reported to child protective services. 7 In the current series, 1 patient was found to be macrocephalic because of large, bilateral chronic subdural hematomas. After complete evaluation, that patient was believed to be the victim of abuse and was referred to the appropriate agency. Only 10 of the 21 incidental subdural collections were recognized prospectively; 3 were evaluated for abuse, and 1 was reported to a state agency. Contemporary authors acknowledge that incidental subdural collections in infancy are not necessarily indicative of abusive head injury. However, in the absence of a reliable rule for excluding the possibility of abuse, authors who express an opinion recommend investigation. 4, 7, 14, 15 Whether-or how frequently-small, incidental collections evolve into large, symptomatic collections is another question of forensic concern. Incidental subdural collections resolved without treatment in all cases that had follow-up imaging in this series, but the small number of such cases does not support general conclusions.
Interrater agreement in identification and grading of BESS in the current study was only fair. The kappa statistic is a common metric of agreement, but its interpretation is not very intuitive. A defined amount of agreement between 2 raters can be expected on the basis of chance alone. The kappa statistic reflects the fractional location of the observed agreement on the interval between agreement by chance and total agreement. Kappa values between 0.50 and 0.68 indicate that the grading of BESS has construct validity, but better agreement is desirable for research purposes. We followed other authors in our methodology for measurement of the subarachnoid space and in acceptance of 4 mm as an upper limit of normal for its depth over the convexities, but we are unaware of any previous analysis of interrater reliability. 6, 8 Future studies of BESS will benefit from automated digital segmentation technologies for objective measurement of the volumes of intracranial spaces.
conclusions
Imaging for macrocephaly in infancy has very low yield in identification of conditions that require treatment. BESS, a condition that does not require treatment, is very common among infants with macrocephaly. Incidental subdural collections are associated with both the presence and the degree of BESS. Incidental subdural collections in infancy are not necessarily indicative of abuse, but the prevalence of abuse among such cases is not known. 
